Activation of focal adhesion kinase (FAK), overexpressed in several human cancers, induces survival, proliferation and motility of cells in culture, but its functional importance in human tumor growth in vivo has not been elucidated. I explored the role of FAK in regulating tumorigenicity of human carcinoma cells, HEp3. These cells overexpress urokinase receptor (uPAR) which, by activating a5b1 integrin, initiates an intracellular signal through FAK and Src leading to ERK activation and tumorigenicity in vivo. Down regulation of uPAR in these cells led to a *3 ± 5-fold reduction in FAK phosphorylation and association with Src and dormancy in vivo. Both FAK phosphorylation and ability to grow in vivo were restored by re-expression of uPAR. The FAK signaling pathway in T-HEp3 cells, measured by FAK phosphorylation, GTP-loaded Ras and ERK activation, was inhibited by transient or stable transfection of FAK related non-kinase (FRNK), known to have a dominant negative function, but not by a FRNK mutant version (S1034-FRNK). Most importantly, while vector-and mutant-S1034-FRNK transfected cells inoculated onto chicken embryo CAMs formed progressively growing tumors, the HA-FRNKexpressing T-HEp3 cells did not proliferate in vivo and remained dormant for at least 6 weeks. Both cell types had similar rate of apoptosis in vivo and the p38 SAPK or PI3K-Akt signaling pathways were unaected by FRNK. FRNK induced dormancy could be reverted by expression of an active-R4F-Mek1 mutant. These results show that active FAK is an important mediator of uPARregulated tumorigenicity of HEp3 cells and that interruption of FAK mitogenic signaling either through down-regulation of uPAR or by expression of FRNK can force human carcinoma cells into dormancy.
Introduction
It has been widely proposed that tumor cells expressing activated oncogenes or enhanced growth factor signaling, can bypass the need for anchorage-derived signals in order to survive and proliferate (Ruoslahti, 1999) . However, growing evidence indicates that loss of cell ± cell interactions (E-cadherin-based) (Genda et al., 2000) and gain of cell ± matrix interactions (integrin-based) (Trusolino et al., 2000) by epithelial tumor cells may be a source of survival and mitogenic signals important for successful growth and dissemination.
In normal ®broblast and endothelial cells integrins initiate mitogenic signaling through a-and/or bintegrin subunit-associated signaling molecules (Giancotti and Ruoslahti, 1999) . Important among them is the focal adhesion kinase (FAK), a 125-kD nonreceptor tyrosine kinase, a transducer of integrinderived signals for motility, survival and proliferation (Cary and Guan, 1999) . FAK association with the integrin b-subunits can, in the presence of ®bronectin (FN), generate a suciently high level of active ERK MAPK activation to initiate proliferation in culture (Zhao et al., 1998) . In addition, FAK signaling can activate the PI3K-Akt/PKB or Cas/Crk pathways, which are important for growth factor and matrixdependent induction of cell survival and migration in vitro (Cary and Guan, 1999; Gu et al., 1998) . Much of the available information on the participation of ECMintegrin-FAK signaling in induction of proliferation is derived from tissue culture studies. Only very recently the role of these signaling pathways in tumor growth in vivo has come under scrutiny (Aguirre Ghiso et al., 1999; Schiller and Bittner, 1995; Weaver et al., 1997; Wang et al., 1998) . But, in spite the fact that FAK was shown to be overexpressed in several types of human primary and metastatic tumor samples of epithelial and non-epithelial origin (Kornberg, 1998) , and to promote survival of cancer cells in culture (Xu et al., 1996 (Xu et al., , 1998 its functional role in tumors in vivo has not been elucidated.
We have shown recently that tumorigenicity of HEp3 human carcinoma cells is dependent on uPARa5b1-integrin association, which regulates FN-matrix assembly and constitutively activates Mek-ERK MAPK (mitogenic) pathway and suppresses p38 SAPK (growth suppressive) pathways (Aguirre Ghiso et al., 1999 Ghiso et al., , 2001 ). Downregulation of uPAR forces HEp3 cells into dormancy by reversing the state of activation of these two pathways. Because both uPAR and a5b1 integrin are strong activators of FAK signaling (Giancotti and Ruoslahti, 1999; Nguyen et al., 2000) , I reasoned that this model of cancer growth and dormancy may be amenable to testing of the role of FAK activation in tumorigenicity. Regulation of FAK activity by a genetic approach provided evidence that activation of FAK signaling is essential for uPAR-a5b1-induced tumorigenicity while its inhibition induces cancer dormancy in vivo.
Results

FAK phosphorylation and FAK-Src association induced by uPAR is b1-integrin dependent
As we have recently shown (Aguirre Ghiso et al., 1999 Ghiso et al., , 2001 , association of uPAR with a5b1 integrin in tumorigenic HEp3 cells, leads to activation of the integrin and generation of a signaling cascade resulting in activation of ERK and proliferation in vivo.
Con®rming previous results (Aguirre Ghiso et al., 1999 Ghiso et al., , 2001 , T-HEp3 cells with high uPAR levels were able to develop progressively growing tumors upon inoculation in vivo, while D-HEp3 cells with fourfold less uPAR protein and ERK activation (Aguirre Ghiso et al., 1999) formed only small nodules that did not increase in size over passage (Figure 1a) . That more full-length uPAR associated with a5b1 integrins in uPAR-overexpressing T-HEp3 than in low uPAR DHEp3 cells was con®rmed by co-IP experiments ( Figure 1b ). I next tested whether FAK was expressed in HEp3 cells and whether it was activated by the uPAR-a5b1 complex that activates ERK (Aguirre Ghiso et al., 1999) . The basal level of FAK protein, as detected by Western blotting of whole cell lysates, was similar in T-HEp3 and D-HEp3 cells (Figure 1c ). This level remained unchanged even if the cells were plated on ®bronectin (FN) (Figure 1d ). In contrast, the level of phosphorylated FAK was *3 ± 4-fold greater in T-HEp3 than in D-HEp3 cells growing in monolayers ( Figure 1d ) and it was further increased upon adhesion to FN. Similarly, the level of phosphorylated FAK was much greater in LK25 clone of T-HEp3 cells transfected with an`empty' vector than in AS24 clone transfected with an uPAR antisense expressing vector with low uPAR level (Figure 1e,f) . This dierence was maintained in cells grown on plastic or cells adherent to FN, supporting the notion that FN-integrin mediated FAK phosphorylation was dependent on uPAR (Figure 1e,f) .
I next examined whether FAK phosphorylation was dependent on its association with the b1-integrin and whether this association was dependent on the state of integrin activation. FAK immunoprecipitated from LK25 (with active a5b1) or AS24 (with inactive a5b1) cell lysates was associated with a similar amount of b1-integrin (Figure 1e) , suggesting that the state of integrin activation does not regulate FAK binding. However, the level of FAK phosphorylation was reduced by threefold in AS24 and in D-HEp3 cells with low uPAR (Figure 1d ,e). Thus, while FAK association with the integrin appears to be constitutive, its phosphorylation correlates with the level of uPAR and the state of activation of the b1-integrin. Confocal laser scanning microscopy revealed that Tyr-397 phosphorylated FAK was enriched in focal and point contact-like structures at the cell margins of T-HEp3 cells (Figure 2a) . In contrast, D-HEp3 cells with low uPAR had no detectable focal contacts, the point contact-like structures were diminished and a weaker staining of PY-397-FAK was found at the cell margins (Figure 2b ), suggesting that uPAR reduction prevents the organization of these structures and ecient FAK phosphorylation. I con®rmed the dependence of FAK activation on uPAR by overexpressing uPAR in DHEp3 cells that have low uPAR and low FAK activity. High level of uPAR protein (threefold increase) ( Figure  2c ) did not aect signi®cantly FAK level, but caused an increase in FAK phosphorylation as detected with anti-phosphotyrosine Ab (total phosphorylation *120 kDa band) and with an anti phospho-FAKTyr397 Ab (Figure 2c ). Immunoprecipitation of FAK followed by Western blotting for phospho-FAKTyr397 and for FAK after stripping of the membrane (Figure 2d ), showed a strong uPAR-dependent increase in FAK phosphorylation of the Y397 residue. These results linked FAK activation to high level of uPAR.
In addition, since FAK association with Src is indicative of an active signaling complex (Zhao et al., 1998) , Src association with FAK was compared in lysates of T-HEp3 and D-HEp3 cells. In spite of similar amounts of Src being present in immunoprecipitates of T-HEp3 and D-HEp3 cell lysates (Figure 2e ), Src was found to form a complex with FAK only in THEp3 cells (Figure 2e ). The Src that associated with FAK in T-HEp3 cells showed higher phosphorylation than in D-HEp3 cells as detected with anti phosphoTyr Western blot of the Src IP. In addition, blotting of T-HEp3 and D-HEp3 RIPA extracted lysates with speci®c anti-PY-416 antibodies showed that phosphorylation of this residue (activating phosphorylation) was higher in T-HEp3 and D-HEp3 cells, strongly suggesting that Src is active when in complex with FAK ( Figure 2f ). These data strongly suggest that there is a constitutive association between phosphorylated forms of FAK and Src at activation residues only in tumorigenic cells with high uPAR levels and active a5b1 integrins.
Interference with FAK signaling by FRNK inhibits Ras and ERK activation
Since there is a major dierence between T-HEp3 and D-HEp3 cells in the state of ERK activation, and because Ras is the best characterized activator of the Raf-Mek-ERK signaling cascade, Ras activation in these cells was analysed. Using a GST pull-down assay, in which only the active GTP-bound Ras is precipi- tated with a Ras-binding domain of Raf-1 and GST (RBD-GST) fusion protein bound to Sepharose beads, a *2.5-fold increase in GTP-bound Ras was found in T-HEp3 cells, compared to D-HEp3 cells. This dierence was not due to a dierence in total Ras expression levels (Figure 3a ). In addition, the low level of GTP-Ras found in AS24 or vector-transfected DHEp3 cells, was restored to that found in T-HEp3 cells (Figure 3b ) by over-expression of uPAR in D-HEp3 cells (Figure 2c ). No dierences in total Ras levels were observed among these cell lines (Figure 3b) . Thus, the association between uPAR-a5b1, which activates FAK, generates a constitutive and robust activation of Ras, which is absent in dormant uPAR-poor cells. This result correlates with the divergent ERK activation observed in T-HEp3 and D-HEp3 cells or in D-HEp3 cells stably expressing an`empty' vector or uPAR (Figures 3b, 4f) , suggesting that activation of FAK and Src by uPAR-a5b1 integrin promotes mitogenic signaling through Ras and ERK. To test the activation of potential FAK downstream targets, HEp3 cells were stably transfected with a dominant negative FAK related non-kinase protein (HA-FRNK) or a mutant FRNK (HA-S1034-FRNK) (Figure 3c,d and 4e) . Expression of HA-FRNK reduced the level of FAK phosphorylation detected with anti-phospho-Tyr Ab or anti-phospho-Tyr397-FAK antibodies without aecting total FAK protein levels (Figure 3c ). The inhibitory eect of FRNK is believed to be due to its ability to compete with and displace FAK from focal contacts (Zhao et al., 1998) . This mechanism is supported by the ®ndings in HEp3 cells showing that immuno¯uor-escence staining of phospho-Y397-FAK (not present in FRNK) in Vector and S1034-FRNK expressing cells produced a pattern of clear punctate¯uorescence localized at cell margins and resembling point and focal contact-like structures at adhesion sites ( Figure  3d left and right panels). In contrast, cells expressing FRNK in addition to showing a marked decrease in the number (*70 ± 80%) and size of these structures, and in the intensity of the¯uorescence also showed a more random distribution of the remaining phosphorylated-FAK (Figure 3d middle panel) . FRNK, when expressed negates FAK function by displacing FAK from focal adhesions (Zhao et al., 1998) , while S1034-FRNK, is not targeted to focal adhesions, does not inhibit cell migration and does not prevent FAK phosphorylation (Cooley et al., 2000; Sieg et al., 1998) . In contrast to the vector or S1034-FRNK transfected T-HEp3 cells, where active Ras was readily detected, in cells stably expressing HA-FRNK the amount of active Ras was dramatically reduced (Figure 4a ). To test whether FRNK inhibition of FAK signaling speci®-cally aected ERK activation, T-HEp3 cells were transiently co-transfected with wt HA-FRNK or the mutant HA-S1034-FRNK and an HA-ERK2 expres- T-HEp3 cells were transfected with a pcDNA3.1 vector,`empty' or encoding HA-FRNK and hygromycin (125 mg/ml in 10% FBS-containing RPMI) resistant clones were selected. The empty vector (Vector) or the HA-FRNK expressing (FRNK) clones were pooled, expanded and whole cell lysates were tested by Western blot for FAK phosphorylation (P-FAK and PY397-FAK) and for FAK and HA-FRNK expression levels (FAK and HA-FRNK). (d) Localization of phospho-FAK in FRNK and S1034-FRNK expressing HEp3 cells. T-HEp3-Vector, -FRNK or -S1034-FRNK (left, center and right panels, respectively) cells were plated (4610 5 cells/well) on serum coated glass coverslips and grown overnight in 10% FBS and for an additional 24 h in the absence of serum. Cells were washed ®xed and stained for phosphorylated FAK at Tyr-397 as indicated in Materials and methods. In Vector and S1034-FRNK expressing cells, P-Y397-FAK had a clear punctate and focal distribution at the cell margins where active adhesion and de-adhesion events take place. In contrast the intensity of phosphorylated FAK was reduced in FRNKexpressing cells and the remaining phosphorylated FAK appeared randomly distributed, suggesting reduced phosphorylation and targeting to adhesion sites due to competition by FRNK. Bar 40 mm sion vector. Expression of HA-FRNK reduced the activation of HA-ERK2 by threefold compared to vector transfected cells (Figure 4b ). In contrast, expression of S-1034-HA-FRNK did not reduce the phosphorylation of the co-transfected HA-ERK2 (Figure 4c ) con®rming that FAK is an upstream activator of ERK.
FAK activation of ERK is essential for HEp3 cells tumor growth in vivo
To study the role of FAK-activated Ras-ERK pathway in T-HEp3 tumor cells growth in vivo, I further characterized the stable transfectants of T-HEp3 cells expressing HA-FRNK, HA-S1034-FRNK or vector controls. The level of active, but not total ERK, was reduced only in FRNK-expressing cells (Figure 4d ). In contrast, stable transfection of HA-S1034-FRNK caused no inhibition of ERK phosphorylation, supporting the speci®city of the dominant negative function of FRNK (Figure 4e ). Although ERK was reduced in FRNK expressing cells their in vitro growth in 10, 5, 1 or 0.5% serum was similar to vectorexpressing cells as measured using an MTT assay (data not shown) indicating that, as previously reported (Aguirre Ghiso et al., 1999 Ghiso et al., , 2001 , the lower ERK activation does not aect in vitro growth of HEp3 cells. We have previously shown that uPAR-mRNA (and protein) level was correlated with the level of ERK activation in T-HEp3 cells; active ERK positively regulated uPAR expression (Aguirre Ghiso et al., 1999) . Expression of FRNK, however, did not reduce uPAR expression (Figure 4d ), possibly because active ERK levels in FRNK-expressing cells were still higher than those in D-HEp3 cells (Figure 4f ). Together, these results indicate that FAK is an essential mediator of ERK activation signal initiated by uPAR-integrin association and that interfering with FAK activation inhibits the signal to ERK. Based on our previous results (Aguirre Ghiso et al., 1999 Ghiso et al., , 2001 ), this reduction To test whether inhibition of FAK activity by FRNK expression was sucient to bring the mitogenic signal below a threshold required for in vivo growth, THEp3 cells (2610 5 ) expressing an empty vector, HA-FRNK or HA-S1043-FRNK containing vector were inoculated onto CAMs of 9 ± 10 day old chick embryos and their growth was followed for up to 6 weeks by weekly re-inoculation of tumor fragments onto new CAMs as previously reported (Yu et al., 1997) . As shown in Figure 5a To test whether an increased rate of apoptosis was responsible for the lack of progressive growth (dormancy) of the FRNK-expressing cells, sections of T-HEp3-Vector and FRNK-expressing cells, grown for a week in vivo, were analysed by TUNEL staining. As shown in Figure 5d , the per cent of apoptotic cells was similar in growing and dormant tumors (Figure 5d ), suggesting that reduced proliferation was responsible for dormancy. This conclusion was strengthened by the ®nding (Figure 5b ) that there was no dierence between T-HEp3-Vector and T-HEp3-FRNK cells in the expression and phosphorylation of Akt/PKB, known to be an important survival pathway and by the fact that R4F-Mek expression (that activates the ERK mitogenic pathway downstream of FAK), can revert the FRNK-induced inhibition (Figure 5c ). These results indicate that FAK signaling through Ras and Mek is essential for generation of high ERK signaling crucial for sustaining of the cell cycle progression and tumor growth in vivo. Inhibition of FAK signaling is sucient to force HEp3 carcinoma cells into dormancy in vivo.
Discussion
Results of the experiments described in this manuscript, which directly test the role of FAK in tumor growth in vivo, suggest a functional basis (Jones et al., 2000) for the correlation described in the literature (Kornberg, 1998; Owens et al., 1995) that links the overexpression of FAK in human tumors with their increased malignant potential.
In the HEp3 cancer cell model described here FAK signaling, induced by FN and the activating association of uPAR with a5b1 integrin, was shown to be essential for maintaining a high level of Ras-ERK signaling, a crucial pathway for in vivo growth of this epithelial tumor. The role of FAK function in the signaling cascade leading to ERK activation was tested by transfecting the tumorigenic cells with FRNK, a naturally occurring dominant negative form of FAK. Expression of FRNK, which reduced ERK activation in these cells by threefold, severely impaired their ability to proliferate in vivo. Compared to vectortransfected HEp3 cells, that formed large tumors on the CAMs of chick embryos, the FRNK expressing cells produced small nodules that survived but did not increase in size even after 6 weeks in vivo. Induction of tumor dormancy by FRNK was not due to increased apoptosis (Figure 5d ), and its expression did not change the level of active Akt (Figure 5b ), a known mediator of cell survival pathway. The lack of increased apoptosis was not entirely surprising since FRNK, which like FAK, contains the proline rich SH3-binding site (PR1), can bind and activate a CasRac-PAK-JNK matrix-dependent survival pathway (Almeida et al., 2000) . It is only when FAK expression per se is eliminated by antisense inhibition, or when a truncated form of FAK which does not contain the PR1 domain is overexpressed, causing a loss of CAS or PI3K binding to FAK, that apoptosis is induced (Xu et al., 1996 (Xu et al., , 1998 . Recently, Wang et al. (2000) showed that astrocytoma cells overexpressing wtFAK had increased proliferation rates when inoculated into the brains of SCID mice and this behavior correlated with increased mitosis and not reduced apoptosis. It is therefore possible to conclude that FRNK-induced blockade of tumor growth is due to a reduced level of active ERK that blocks proliferation without aecting apoptosis. A dierent scenario was recently described (Lu et al., 2001) where inhibition of FAK activation by EGF treatment, or by FRNK expression, stimulated in vitro motility and invasion in A431 cells highly overexpressing EGFR. FRNK induced rounding of A431 cells, (not observed in HEp3 cells), did not aect EGF-induced ERK mitogenic signals but increased the incidence of metastasis. The source of the dierence with our results remains unclear, but while the authors attributed the increased metastatic ability of FRNK- Tumors grown for a week were excised, ®xed and paran sections were stained for DNA breaks as indicated in expressing cells to the increased motility and invasion in vitro (Lu et al., 2001) , alternatively FRNK-induced survival (Almeida et al., 2000) , might contribute to the increased incidence in metastases as detected by Alusequence speci®c PCR. In support of a role for FAK in cell invasion, recent experiments showed that active FAK has a functional role during invasion of trophoblast cells (Ilic et al., 2001) .
We have previously shown that in T-HEp3 cells, the interaction of over-expressed uPAR with the a5b1 integrin in the presence of endogenously produced uPA, which occupies *90% of uPA receptors, promotes ERK activation and the formation of FN®bril that suppress p38 SAPK signaling, stimulating proliferation in vivo (Aguirre- Ghiso et al., 1999 Ghiso et al., , 2001 . Published evidence indicates that FRNK aects FAK-mediated signaling by displacing it from focal adhesion sites where it normally co-localizes at the tips of stress ®bers with integrins (Cooley et al., 2000) . This seems to be the case in the experiments shown here because FRNK, but not its inactive mutant S1034-FRNK, caused a reduction in the staining of phosphorylated-FAK at adhesion sites and the remaining phospho-FAK appeared randomly distributed in the cell body. However, the reduction of FAK and ERK phosphorylation mediated by expression of FRNK aected neither the activation of p38 SAPK (data not shown) nor the ability to form FN-®brils; both vector and FRNK-transfected cells formed a rich matrix of ®brillar FN (data not shown). That FRNK expression did not prevent FN-®brillogenesis may be explained by the fact that ®brillogenesis may be initiated predominantly at tensin-containing ECMcontacts, where FAK is not present (Zamir et al., 2000) . These results suggest that in these cells induction of dormancy by FRNK is due to speci®c targeting of the Ras-ERK, but not the p38 SAPK pathways. Published work indicates that caveolin, which is downregulated in tumor cells and in transformed ®broblasts (Bender et al., 2000 , Racine et al., 1999 Koleske et al., 1995) is required for FAK and Src activation in uPAR-transfected 293 kidney cells (Wei et al., 1999) . However, in other reports (Sanders and Basson, 2000) , integrin signaling can proceed in the absence of caveolin. Western blot using anti-caveolin antibodies showed no expression of this protein in HEp3 cells (data not shown). This suggests that another scaolding protein may be involved in organizing the signaling complexes, or that highly expressed uPAR may be ful®lling this role. The latter possibility is suggested by the ®nding that in HEp3 cells FAK is associated with b1 integrins regardless of their state of activation but, only in the presence of high level of uPAR, the b1-associated FAK is phosphorylated. It is possible that the high number of uPA receptors on the cell surface cluster integrins and that ligand-induced conformational change increases the proximity between FAK molecules leading to their trans-phosphorylation (Zhao et al., 1998) . The constitutive phosphorylation of Tyr397 of FAK in uPAR-overexpressing cells may explain the enhanced interaction with phosphorylated Src, since this is the major Src binding site on FAK (Zhao et al., 1998) . It cannot be excluded that other mechanisms, such as activating' phosphatases (Arregui et al., 1998) may activate Src and therefore FAK. The expected downstream sequel of FAK and Src activation is activation of Ras. Although the precise mechanism of this event is not entirely clear, the fact that Ras activation is signi®cantly inhibited by expression of FRNK puts this mediator down-stream in the path of FAK activation. Preliminary analysis showed that neither Shc nor Grb2 bind to FAK in T-HEp3 cells (data not shown), suggesting that direct interaction of these molecules is not required for Ras activation. However, this does not exclude that through other mechanisms independent of interaction with FAK, Shc and Grb may lead to Ras activation (Brown and Cooper, 1996) .
Together, these results represent one of the ®rst attempts of testing the role of FAK in signal transduction induced by activating association of uPAR with integrin and its eect on epithelial tumor growth in vivo. These results lend functional signi®-cance to the ®nding of frequent overexpression of FAK in tumors from dierent origin by indicating that active FAK may enable tumor cells to activate more eciently survival and mitogenic signals derived from the ECM, providing a growth advantage at the primary or metastatic growth site. These results also show that, similarly to blocking uPAR expression (Aguirre Ghiso et al., 1999; Yu et al., 1997) , blocking FAK signaling can reduce ERK signaling and induce dormancy in vivo making FAK a potential target for induction of cancer dormancy in vivo.
Materials and methods
Reagents and antibodies
DMSO, Triton X-100, Na-orthovanadate, NaFl, protease inhibitors, BSA, normal goat serum, collagenase type 1A, rhodamine-phalloidin conjugate, human ®bronectin were from Sigma Chemical Co (St. Louis, MO, USA). Aprotinin and trypsin were from ICN Biomedicals Inc (Aurora, OH, USA). Dulbecco's modi®ed minimal essential medium (DMEM), OPTI ± MEM medium, glutamine and antibiotics were from GIBCO Laboratories (Grand Island, NY, USA). Fetal bovine serum was from JRH Biosciences (Lenexa, KS, USA), COFAL-negative embryonated eggs were from Speci®c Pathogen-Free Avian Supply (SPAFAS) (North Franklin, CT, USA); protein G-Agarose beads were from Materials and methods. As a positive control, sections from FRNK tumors were treated for 10 min with DNAse to induce DNA cleavage. Note the high staining in DNAse treated section (DNAse) and equally low apoptosis in both Vector and FRNK tumors (Bar: *40 mm). This experiment was repeated twice Boehringer Mannheim (Indianapolis, IN, USA) . PVDF membranes and Enhanced Chemiluminescence (ECL) detection reagents were from Amersham (Amersham Life Sciences, Little Chalfont, UK). DAPI, 49,6-diamidino-2-phenylindole was from Hoechst (Germany). Antibodies: anti-phospho ERK (anti-phospho-Tyr 204; clone E4) and anti-p38 antibodies were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Anti-phospho-p38 rabbit polyclonal antibodies were from New England Biolabs (Beverly, MA, USA). Antibodies to ERK (Clone MK12), FAK, Caveloin-1 and phosphotyrosine (RC20) were from Transduction Laboratories (Lexington, KY, USA). Antibodies to FAK (2A7), to phosphorylated-Src (PY-416) and active-Ras detection kit were from Upstate-Biotechnology (Lake Placid, NY, USA). Anti-FAK phosphorylation state speci®c antibody which recognizes phospho-Tyr397 was from BioSource International (Camarillo, CA, USA). Normal mouse IgG was from Sigma. Anti-human uPAR monoclonal Ab R2 was kindly provided by Dr Michael Ploug (Finsen Laboratory, Copenhagen, DK). Anti-Src antibody (mAb 327) was kindly provided by Dr Irwin Gellman (Mount Sinai School of Medicine). Anti-uPAR polyclonal rabbit antibody (399R) was from American Diagnostica, polyclonal rabbit anti-b1 antibody (Mab1952) and anti-a5b1 antibody (Clone HA5) were from Chemicon International, Inc. (Temecula, CA, USA). Anti-mouse IgG monoclonal Ab conjugated with HRP and mounting media (Vectashield) were from Vector Laboratories (Burlingame, CA, USA). Anti-rabbit IgG-HRP and anti-HA Abs (clone 12CA5) were from Boehringer Mannheim (Germany).
Cell lines, cDNA transfections and cell culture conditions
Human epidermoid carcinoma HEp3 (T-HEp3) (Toolan, 1954) , serially passaged on chicken embryo CAMs, was used as a source of tumorigenic cells (Aguirre Ghiso et al., 1999; Yu et al., 1997) . The source of`spontaneous' dormant tumor cells (D-HEp3) were HEp3 cells passaged in vitro 120 to 170 times (Ossowski and Reich, 1983) with uPAR level of only *20% of that in tumorigenic cells (Aguirre Ghiso et al., 1999) . HEp3 cells transfected with the expression vector LK444 (control, LK25, high uPAR and tumorigenic) or with LK444 vector expressing antisense uPAR-mRNA (clone AS24, uPAR message and protein reduced by 70 ± 80%, dormant) were described previously (Aguirre Ghiso et al., 1999; Yu et al., 1997) . After Fugene TM transfection (Roche) stable transfectants of D-HEp3 cells expressing pCDNA3.1 vector alone (encoding hygromycin resistance) or pCDNA3.1 encoding full-length uPAR cDNA, were selected with hygromycin (125 mg/ml). Also, T-HEp3 cells were transfected using Fugene TM transfection method with pCDNA3.1 vector alone or pCDNA3.1 vector encoding triple-HA-tagged-FRNK or HA-tagged-S1034-FRNK mutant, kindly provided by Dr David Schlaepfer (Scripps Institute, CA, USA) and selected with 125 mg/ml hygromycin (Sigma). For all hygromycin resistant cell lines, clones were pooled and these pools were used in all experiments to avoid clonal variation. Expressions of uPAR or HA-epitope were monitored by Western blot (see below). Cell lines were always kept in D-MEM+10%FBS and 125 ± 150 mg/ ml hygromycin. These cell lines did not dier dramatically in their growth rates or morphology in culture after transfection and hygromycin selection even in dierent serum concentrations (0.5 ± 10% FBS) as detected using an MTT assay (data not shown). Vector or FRNK expressing cells were also transiently transfected using Fugene TM , with 4 mg of an empty vector or with 4 mg of a vector encoding R4F-Mek mutant, kindly provided by Dr Natalie Ahn (University of Colorado, CO, USA).
To test the eect of FRNK expression on ERK activation using transient transfections T-HEp3 or LK25 cells were cotransfected with 1 mg of pCDNA3.1 vector alone and 1 mg of HA-ERK2 construct as previously reported (Aguirre Ghiso et al., 1999) or with 1 mg of pCDNA3.1-HA-FRNK with the same HA-ERK2 construct. As a control of FRNK speci®city T-HEp3 cells were cotransfected with pCDNA3.1 alone and the HA-ERK2 construct or pCDNA3.1-S1034-HA-FRNK (a mutant of FRNK that does not localize to focal contacts and therefore does not compete with endogenous FAK) (Cooley et al., 2000; Sieg et al., 1998) and the HA-ERK2 construct. After transfection and 48 h in culture to ensure maximal expression, HA-FRNK expression and HA-ERK2 expression and phosphorylation were detected by immunoprecipitation and Western blot as previously reported (Aguirre Ghiso et al., 1999) .
Immunoprecipitation (IP) and Western blot
For optimal a5b1-integrin and uPAR co-IP cells, were lysed and extracted for 30 min with a lysis buer containing 1% Triton X-100, 50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 1 mM orthovanadate, 1 mM NaFl, and protease inhibitors. Triton X-100 insoluble fractions (400 mg protein) were extracted for 30 min with RIPA lysis buer and incubated with 4 mg of anti-a5b1 (HA5) or matched isotype IgG overnight at 48C. For FAK IP cells were lysed using a 0.5% NP-40, 150 mM NaCl, 50 mM Tris HCl pH 8.0 5 mM EDTA lysis buer and 400 ± 600 mg of soluble extract were incubated 1.5 h at 48C with 4 mg of anti-FAK 2A7 monoclonal Ab. For Src IP 1 ± 1.5 mg of lysates obtained with the same NP-40 lysis buer were incubated 1.5 h at 48C with 10 mg of anti-Src mAb 327. The NP-40 buer was found to be optimal for FAK and Src IP and co-IP studies. For IP of HA-tagged proteins cells were lysed using a lysis buer, which optimizes HA-FRNK and HA-ERK extraction, containing 300 mM NaCl, 10% glycerol, 20 mM HEPES (pH 7.6), 5 mM MgCl 2 , 1 mM EGTA, 1 mM DTT, 1 mM Naorthovanadate and 10 mM NaFl and a cocktail of protease inhibitors and 400 mg of protein were incubated 1.5 h in with 2.5 mg of 12CA5 anti-HA mAb. In all cases antibody antigen complexes were precipitated with protein G-agarose beads and washed three times. The beads were resuspended in 26 Laemmli sample buer, heated to 958C for 5 min and analysed by Western blotting. Cell lysates samples or the IPs were separated in SDS ± PAGE gels in reducing or nonreducing conditions (depending on the antigen) and after electro-transfer to PVDF membranes, these were blocked with 5% skim milk in TBS except for phospho-Y blots for which the membranes were blocked with 3% BSA in TBS. Integrin b1 was detected using a pAb (anti-b1 MAB1952) and uPAR using anti-uPAR 399R pAb. FAK protein was detected using anti-FAK mAb in IPs and cell lysates. Immunoprecipitated phospho-Y-FAK or phospho-Y proteins present in whole cell lysates were detected using antiphospho-Y-HRP conjugated Ab (RC20) or anti-phosphoTyr397 FAK. Urokinase receptor in whole cell lysates was detected using R2 mAb. Except for RC20 Ab, all signals were developed with either goat anti-mouse IgG-HRP or goat antirabbit-HRP conjugated antibodies. The signal was developed using ECL (Amersham Life Sciences) and X-OMAT ®lms (Eastman Kodak). When indicated the bands were quantitated by laser densitometry using GelScan XL (Pharmacia, Upsala, Sweden).
Detection of activated Ras by GST pull-down
GTP-loaded and therefore active Ras was detected using a Ras activation kit from Upstate Biotechnology following the vendor's instructions. Brie¯y, cell monolayers were lysed directly after removing the media with a 2% glycerol, 25 mM HEPES, pH 7.5, 150 mM NaCl, 1% Igepal CA-630, 10 mM MgCl 2 and 1 mM EDTA containing lysis buer with all protease and phosphatase inhibitors. After 20-min extraction, the lysates were cleared by centrifugation. The supernatants (200 ± 600 mg of protein) were incubated for 30 min with sepharose beads conjugated with a GST-Ras binding domain of Raf-1 (3 ± 10 ml of beads/3 ± 10 mg of RBD-Raf1) fusion protein, which binds only to GTP but not GDP loaded Ras. After incubation, the beads were spun down and washed 36 with lysis buer. The beads were resuspended in 26 Laemmli sample buer with 100 mM b-mercaptoethanol and Ras protein in the precipitate or cell lysates was detected by Western blot using anti-Ras mAb from Upstate Biotechnology (Lake Placid, NY, USA) as indicated above.
In vivo growth of tumor cells on CAMs
T-HEp3, D-HEp3, Vector-or HA-FRNK-or HA-S1034-FRNK-transfected T-HEp3 cells were detached with 2 mM EDTA in PBS, washed and inoculated (0.2 ± 1610 6 cells/CAM in 50 ml of PBS plus Ca 2+ and Mg 2+ ) on the CAMs of 9 ± 10 day old chick embryos. In addition, Vector-or HA-FRNKtransfected cells re-transfected with vector alone or a vector encoding R4F-Mek mutant were inoculated onto CAMs as indicated above. At dierent times post-inoculation on the CAMs, the tumor nodules diameters were measured, the tumors were excised, enzymatically dissociated with a 30 min collagenase treatment (Aguirre Ghiso et al., 1999) , and single cell suspensions inspected for the presence of tumor cells and quantitated by hemocytometer counting. Alternatively after measuring the tumor size the tumor nodules were minced and passages onto new 9 ± 10 days old CAMs in order to continue and monitor tumor growth (Yu et al., 1997) .
Detection of apoptosis in vivo by TUNEL assay
Tumors grown on the CAM for 1 week were paran embedded and sections were analysed for DNA breaks at single cell level using a terminal deoxydinucleotidyl transferase (TdT) assay kit from Boehringer Mannheim (Germany). Brie¯y, tumor sections were deparanized as described previously (Aguirre- Ghiso et al., 2001 ) and after permeabilization sections were labeled using¯uorescein-tagged nucleotides and TdT from calf thymus. After washing, the sections were ®rst incubated with anti-¯uorescein antibodies conjugated with alkaline phosphatase, then for 10 min with NBT/BCIP substrate and the reaction was stopped by washing. A positive control was included in all experiments by incubating the sections with DNAseI (1 mg/ml) in 50 mM Tris HCl, pH 7.5, 1 mg/ml BSA. Sections incubated with all reagents except TdT were used as negative controls. The sections were then mounted and inspected using a Zeiss Axioskop photomicroscope (Oberkochen, Germany) using Plan-Neo¯uar 206 and 406 lenses (Zeiss) through a Diagnostic Instruments Inc. SPOT digital camera and Adobe Photoshop 5.0 software.
Confocal laser scanning and standard immunofluorescence (IF) microscopy
The protocol for immunostaining was as described previously (Aguirre -Ghiso et al., 2001) . Brie¯y, cells grown on cover slips were ®xed with 3% paraformaldehyde in PBS for 15 min. The cover slips were washed and either permeabilized with 0.1% Triton X-100, washed, blocked with 3% normal goat serum in PBS, and incubated for 1 h at room temperature with anti-PY397-FAK polyclonal Ab (1 : 75) in 0.1% BSA/PBS or with vehicle alone. After washing and blocking, the secondary antibody in 0.1% BSA/PBS was added. Cover slips were mounted in Vectashield and kept at 7208C. Standard epi¯uorescence was captured with a Nikon E-700 epi¯uorescence photomicroscope (Tokyo, Japan) using Plan-Apochromat 406, 636 and 1006 (N.A. 1.5 Oil) lenses (Nikon) through a Diagnostic Instruments Inc. SPOT digital camera and Adobe Photoshop 5.0 software. Confocal microscopy was performed using a Leica TCS SP Spectral Confocal Laser Scanning Microscope (Leica Microsystems, Heidelberg, Germany) equipped with ®ber coupled UV, VIS and IR lasers, using Plan-Apo 406, 636 and 1006 lenses (N.A. 1.4 oil). Data were captured and analysed using the TCS/ SP software and Adobe Photoshop 5.0 software.
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